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Abstract  For design purposes, it is generally considered that prestressing strand transfer length 
does not change with time. However, some experimental studies on the effect of time on transfer 
lengths show contradictory results. In this paper, an experimental research to study transfer length 
changes over time is presented. A test procedure based on the ECADA testing technique to 
measure prestressing strand force variation over time in pretensioned prestressed concrete 
specimens has been set up. With this test method, an experimental program that varies concrete 
strength, specimen cross-section, age of release, prestress transfer method, and embedment length 
has been carried out. Both the initial and long-term transfer lengths of 13-mm prestressing steel 
strands have been measured. The test results show that transfer length variation exists for some 
prestressing load conditions, resulting in increased transfer length over time. The applied test 
method based on prestressing strand force measurements has shown more reliable results than 
procedures based on measuring free end slips and longitudinal strains of concrete. An additional 
factor for transfer length models is proposed in order to include the time-dependent evolution of 
strand transfer length in pretensioned prestressed concrete members. 
Keywords  Bond · Concrete · Strand · Prestress · Transfer length · Time 
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1 Introduction 
During the manufacturing process of pretensioned prestressed concrete members, 
prestressing force is transferred from prestressing strands to concrete by bond at 
the ends of a member through the prestress transfer operation. According to ACI 
(2011), transfer length is the distance over which the strand must be bonded to 
concrete to develop the effective stress (fse) in the prestressing strand. Fig. 1 
shows an idealization of the prestressing strand stress profile in a large-scale 
pretensioned prestressed member after the prestress transfer. 
 
Transfer length is a critical parameter in structural design for the calculation of 
both the flexural and shear capacities of the pretensioned prestressed concrete 
member, and also for the verification of transverse stresses near their ends 
(Russell and Burns 1996; Barnes et al. 2003). Several equations to predict transfer 
length have been proposed by Codes and researchers based on experimental 
results and theoretical studies. The majority of these equations take a parametric 
form according to the structure of Eq. (1) (Martí-Vargas et al. 2007a): 
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Where: 
Lt = transfer length 
λ = factor to obtain bound values for transfer length 
χ = factor to account for the type of release 
fsx = stress in the prestressing strand 
n = exponent 
Ap = cross-sectional area of the prestressing strand 
k1 = perimeter factor (k1 = 4/3 for a seven-wire strand, k1 = 1 for a circular cross-
section)  
db = nominal diameter of the prestressing strand 
Ut = average transfer bond stress 
k2 = adjustment constant 
 
In the ACI-318 Code (ACI 2011) provisions for transfer length (Eq. (2)), fsx is the 
effective stress (fse) in the prestressing strand after allowing for all prestress 
losses. The ACI transfer length equation was derived from and based on an 
average transfer bond stress of 2.76 MPa (Tabatabai and Dickson 1993). In 
addition, several authors (Zia and Mostafa 1977; Shahawy et al. 1992; Mitchell et 
al. 1993; Deatherage et al. 1994; Buckner 1995; Tadros and Baishya 1996; 
Mahmoud et al. 1999) consider that using term fsi (the initial effective stress in a 
prestressing strand just after the prestress transfer, accounting for losses only by 
the elastic shortening of concrete) in Eq. (1) is more rational for design purposes 
than fse by considering that transfer length is established at the release of prestress 
and that it does not significantly change over time. However, Ut = 2.76 MPa is 
retained in (Shahawy et al. 1992; Deatherage et al. 1994; Buckner 1995; Tadros 
and Baishya 1996), resulting in longer transfer lengths when fsi is used. 
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The Model Code 2010 –MC2010- (FIB 2010) transfer length equation (Eq. (3)) 
takes into account several factors that influence Ut: type of release (αp1), action 
effect to be verified (αp2), bond situation (αp3), tendon type (ηp1), tendon position 
(ηp2) and concrete tensile strength (fctdi). In MC2010, term fsi is considered to 
calculate transfer length (transmission length), and a lower bound value of transfer 
length (with αp2 = 0.5) for verification of transverse stress in anchorage zone and 
an upper bound value of transfer length (with αp2 =1) for calculation of anchorage 
length when moment and shear capacity is considered can be distinguished. 
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In both ACI-318 and MC2010, n = 1 and k2 = 0 in Eq. (1). Fig. 2 illustrates these 
transfer length models at one end zone of a member. In the idealized variation of 
strand stress along transfer length, the strand stress points from which additional 
bond length is necessary to increase strand stress when a pretensioned prestressed 
concrete member is loaded has been illustrated. In all cases, term fse is used to 
obtain the aforementioned additional bond length.  
 
In spite of the large number of transfer length equations (Martí-Vargas et al. 
2007a; Floyd et al. 2011; Martí-Vargas et al. 2012c) and the different effective 
stresses considered in the prestressing strand (initial –fsi- or long-term -fse-), it is 
generally considered in the design exercise that the transfer length does not 
change over time. However, some experimental studies on the effect of time on 
transfer lengths offer diverging results and it appears that there is an extensive 
collection of contradictory evidence (Weerasekera 1991, FIB 2010). 
 
The main objective of this experimental research is to analyze transfer length 
changes over time in pretensioned prestressed concrete members. To achieve this 
objective, an extensive literature review on the effect of time on transfer length 
has been firstly done to identify reported tendencies on transfer length changes. 
This experimental research is not intended to be an extensive study on the factors 
affecting the time-dependent evolution of prestressing strand transfer length. 
However with this paper, the authors seek to emphasize that several conditions 
may exist that result in increased transfer length over time. To this end, an 
experimental program to determine both the intitial and long-term transfer lengths 
of 13-mm seven-wire prestressing steel strands in specimens under several test 
conditions has been carried out by using a modified and improved version of the 
ECADA test method (Martí-Vargas et al. 2006a). Compared to previous works on 
this topic, this paper offers an exhaustive bibliography on the subject, it presents 
the first experimental results obtained by means a testing technique based on the 
measurement of the prestressing strand force, and it proposes an additional factor 
for transfer length models to consider the evolution of strand transfer length over 
time. 
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2 Reported tendencies on transfer length changes  
For prestressing steel strands, three bond mechanisms can be distinguished (FIB 
2000): adhesion, friction and mechanical action. Adhesion is destroyed when a 
very small slip occurs. Then the friction mechanism and the mechanical action are 
activated and frictional bond stresses are developed, which are caused by radial 
compressive stresses around the prestressing strand. Several effects contribute to 
radial compressive stresses (den Uijl 1998, FIB 2000), including long-term effects 
such as shrinkage of concrete (William et al. 2008) and creep of concrete 
(Balevicius 2010). Shrinkage of the concrete surrounding the prestressing strand 
enhances additional radial compressive strength and bond resistance over time, 
while creep of concrete and prestressing strand relaxation diminish high local 
stresses and strains and bond stresses (Weerasekera 1991; Barnes et al. 2003; FIB 
2010). Moreover, the aforementioned effects may be counteracted by increased 
concrete strength over time (FIB 2010). 
 
Several research studies available in the scientific literature have reported 
experimental data of transfer length changes with time. The majority of the 
authors usually apply experimental techniques based on the analysis of the strain 
profiles on the concrete specimen surface after detensioning (RILEM 1979; 
Russell and Burns 1996) to determine transfer length and time-dependent 
evolution. Furthermore, the prestressing strand slips based on Guyon’s theory at 
the ends of the member are frequently analyzed (Guyon 1953; Oh and Kim 2000; 
Martí-Vargas et al. 2007b). 
 
Table 1 summarizes the main conclusions reported in an extensive collection of 
papers. Accordingly, different time intervals have been considered (from 7 days to 
2.5 years), as well as prestressing reinforcement types (wires, strands, Dyform –
compacted- FRP tendons) and several nominal diameters (2.0-15.2 mm). Transfer 
length increases (up to 190% of the initial value) have been reported by several 
authors. However, transfer length decreases have also been reported, and no 
changes in transfer length with time have been observed in some cases. Besides, 
several authors have stated that transfer length increases do not seem to occur in 
any orderly fashion or follow any particular pattern and, in some cases, the results 
differed significantly for the two ends of the same specimen. 
 
3 Experimental technique 
A recent experimental methodology, the ECADA test method (Martí-Vargas et al. 
2006a), based on the measurement of the force supported by prestressing strands, 
has been conceived, and it has been applied to determine transfer length (Martí-
Vargas et al. 2006b; 2012a). ECADA is the Spanish acronym for “Ensayo para 
Caracterizar la Adherencia mediante Destesado y Arrancamiento”: which, in 
English, is “Test to Characterize Bond by Release and Pull-out”. 
 
As a revised and improved version of the original ECADA test method, the 
ECADA+ test method (Martí-Vargas et al. 2012b) has been developed to study 
transfer length changes over time by determining both the initial and the long-
term transfer lengths of prestressing reinforcement in pretensioned prestressed 
concrete members. In this work, the ECADA+ test method has been used. 
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The ECADA+ test method is based on the instantaneous and time-related analysis 
of the prestressing strand force in series of pretensioned prestressed concrete 
specimens with different embedment lengths. To this end, several specimens, 
whose embedment length varies only, are performed and tested under the same 
conditions using pretensioning frames as shown in Fig. 3. 
 
To facilitate tensioning, provisional anchorage and detensioning of prestressing 
strands, a hollow hydraulic actuator with an end-adjustable anchorage device is 
required. This actuator is placed on the active end of the pretensioning frame. A 
mechanical system to facilitate the anchorage-measurement-access of the 
prestressing strand (the AMA system) is placed on the passive end of the 
pretensioning frame. The AMA system is made up by the sleeve, the end frame 
plate, the anchorage plate, and the support separators placed between both plates 
(see Fig. 3). The AMA system also makes it possible to simulate the sectional 
rigidity of the concrete specimen and to prevent the influence of the confinement 
caused by the end frame plate by using a sleeve. 
 
3.1 Test procedure 
A complete test method approach of ECADA+ has been included in Martí-Vargas 
et al. (2012b). The following subsections summarize the step-by-step test 
procedure.  
 
3.1.1 Specimen preparation and fabrication 
• Mounting the equipment test setup as Fig. 3 depicts. 
• Placing the strand on the pretensioning frame. 
• Both anchorage devices are placed on the ends of the strand. 
• Strand tensioning using the hydraulic actuator (Fig. 4a). 
• Provisional strand anchorage by the end-adjustable anchorage device 
which mechanically blocks the hydraulic actuator by unscrewing until it 
comes into contact with their core (Fig. 4b).  
• Specimen concreting into an integrated mould mounted within the 
pretensioning frame, around the prestressing strand (Fig. 4c). 
• The concrete remains in its mould during a given time to achieve the 
desired mechanical properties prior to testing. 
• Demounting the mould from the pretensioning frame. 
 
3.1.2 Prestress transfer release 
• Releasing the provisional anchorage: the hydraulic actuator recovers the 
prestressing strand force, and the end-adjustable anchorage device is 
relieved (Fig. 4d). 
• Detensioning: the hydraulic actuator is unloaded, and the movement of the 
prestressing strand toward the passive end is produced (Fig. 4e); when the 
strand has been completely released, the prestressed concrete specimen is 
supported by acting on the AMA system. 
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• Stabilization: period established to guarantee the measurement of the 
prestressing strand force which depends on the strain compatibility with 
the concrete specimen. 
• Measuring the prestressing strand force achieved (PI) in the AMA system. 
 
3.1.3 Initial analysis 
• Estimating the AMA system response for the actual test conditions; the 
theoretical value PIE (initial effective prestressing force in the strand from 
the designed AMA system components) is obtained. 
• Comparing the measured PI value with PIE; two possible test results may 
be presented: 
a) if PI < PIE, the test finishes and the tested specimen may be removed.  
b) if PI ≈ PIE, the test continues. 
 
3.1.4 Specimen storage 
• Demounting the pretensioned prestressed concrete specimen joined to the 
AMA system from the pretensioning frame (Fig. 4f). 
• Maintaining the demounted test specimen under controlled storage 
conditions. 
• Subsequently measuring the prestressing strand force at a given time is 
done periodically. 
 
3.2 Fixed test parameters 
Specimens have been prestressed by means of a concentrically located single 
strand at a prestress level before releasing 75% of the nominal ultimate strand 
strength. All the specimens have been subjected to the same consolidation and 
curing conditions. 
 
The prestress transfer release time has been specified for each series of specimens. 
A standard release has been gradually performed at a controlled speed of 0.80 
kN/s. However, several specimens have been released at the maximum possible 
speed by the free action of the hydraulic actuator (100 kN/s). A stabilization 
period of 2 hours from the release has been established for the initial analysis. 
 
The specimens for the long-term study have been stored inside a chamber where 
temperature and humidity were controlled: temperature at 20-22ºC; relative 
humidity at 50-60%. 
 
3.3 Instrumentation devices 
In accordance with the ECADA+ test method, the strictly necessary 
instrumentation devices are a hydraulic pressure sensor to control the tensioning 
and detensioning operations, and a hollow force transducer included in the AMA 
system to measure prestressing strand force at all times during the test (tensioning, 
provisional anchorage, detensioning, and analysis with time).  
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Additionally, this instrumentation may be complemented with optional devices to 
measure the prestressing strand end slip at the free end of the specimen and strain 
gauges to determine the longitudinal concrete surface strain profile. 
 
In this work, the prestressing strand end slip has been measured by displacement 
transducers (in the test stages in the pretensioning frame) and by means of 
analogic micrometers (in the storage stage), while demountable mechanical 
gauges (DEMEC points) have been used to measure the longitudinal concrete 
surface strain at the prestressing strand level. In all cases, internal measuring 
devices have not been used in test specimens in order to avoid any distortion of 
the strand-concrete bond phenomenon. 
 
The instrumentation devices used in this work have been: pressure sensor Druck 
PDCR 4000 350 bar (accuracy ±0.08%), force transducer HBM C6A 500 kN 
(sensitivity 2 mV/V, accuracy class 0.5), linear displacement sensor Penny Giles 
SLS190/50/2K/L/50/01 (typical linearity 0.15%), micrometers Käfer 0-5 mm Ø58  
(accuracy ±1 μm), and mechanical gauges Mayes Instruments 100 mm base 
length (accuracy ±5 μm). 
 
3.4 Initial transfer length determination 
With the ECADA+ test method, transfer length is obtained from a series of 
specimens with different embedment lengths. The obtained prestressing force PI 
values are ordered according to the specimen embedment length, and a bilinear 
tendency with an ascendent initial branch and a practically horizontal branch 
corresponding to the initial effective prestressing force PIE can be observed. The 
initial transfer length corresponds to the specimen embedment length which marks 
the beginning of the horizontal branch; that is, it corresponds to the shorter 
specimen embedment length which presents a PI value equal to the initial effective 
prestressing force PIE (Fig. 5). The resolution during transfer length determination 
depends on the sequence of the lengths of the specimens tested. 
 
3.5 Long-term transfer length determination 
Specimens with PI ≈ PIE are stored inside a chamber under controlled conservation 
conditions. Then the prestressing strand force at certain time j (PJ) in the AMA 
system is periodically measured (every day the first week, every week during two 
months, and after monthly). With time, the prestressing strand force value lowers 
due to the time-dependent effects. For each time j, the subsequent PJ readings are 
arranged according to the specimen embedment length, and two possible test 
results may be presented: 
a) if all the test specimens have similar PJ values (Fig. 5, case (a)), no changes in 
transfer length exists (the actual effective prestressing force PJE is achieved in all 
the specimens); and 
b) if one or more specimens show a smaller PJ value compared with the remaining 
ones in the series, then transfer length variation exists: the long-term transfer 
length at time j corresponds to the shorter specimen embedment length which 
marks the beginning of the horizontal branch; that is, it corresponds to the shorter 
specimen embedment which presents a PJ value equal to the actual effective 
prestressing force PJE (Fig. 5, case (b)). 
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 4 Experimental program 
 
This experimental work intends to emphasize that several conditions may exist 
which result in increased transfer length over time. To this end, an experimental 
program that varies concrete strength, cross-section, age of release, prestress 
transfer method, and embedment length has been carried out to determine both the 
initial and long-term transfer lengths of the 13-mm seven-wire prestressing steel 
strands. 
 
The series of specimens have been performed in a total of six pretensioning 
frames. Several demountable AMA systems were available for this work, and the 
size of the controlled storage chamber was considered to carry out the test 
program. 
 
4.1 Materials 
Three different concrete mixes applicable for the precast prestressed concrete 
members industry with different compressive strengths at the time of testing f’ci 
ranging from 24 to 58 MPa have been tested. For all the concretes, the 
components were: cement CEM I 52.5 R (CEN 2000), crushed limestone 
aggregate (7-12 mm), washed rolled limestone sand (0-4 mm), and a 
superplasticizer additive. The mix design and concrete properties of the tested 
concretes are shown in Table 2. 
 
The prestressing strand is a low-relaxation seven-wire strand specificied as UNE 
36094:97 Y 1860 S7 13.0 (AENOR 1997) with a guaranteed ultimate strength of 
1860 MPa. The main characteristics have been adopted from the manufacturer: 
diameter of 13 mm, a cross-sectional area of 100 mm2, ultimate strength of 200.3 
kN, yield stress at 0.2% 189.9 kN, and modulus of elasticity of 203.35 GPa. The 
prestressing strand has been used under the as-received condition. Strands were 
rust- and lubricant-free, without any special treatment. 
 
4.2 Program 
In addition to the above-detailed fixed test parameters (see Section 3.2), the test 
program includes several test conditions. Three different specimen cross-sections 
have been used: 100 x 100 mm2, 80 x 80 mm2, and 60 x 60 mm2, and they have 
been combined with the three concretes. Besides, several prestress transfer release 
ages have been established. 
 
For some of the test program combinations, complete series of specimens with 
different embedment length have been made. According to the ECADA+ test 
method, embedment length sequences with a resolution of 50 mm have been used 
in this work to determine the initial transfer length and to select the specimens 
with an embedment length equal to or longer than the initial transfer length to 
store several specimens in the controlled chamber.  
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In three cases for concrete type A, long specimens have been tested to analyze the 
effect of the prestress transfer method: gradual action when a controlled 
detensioning speed of 0.80 kN/s has been applied, and free action when the 
maximum possible speed by the free action of the hydraulic actuator has been 
applied, have been released. 
 
The designation of a specimen is: M-D-T-L-F, 
Where: 
M is the concrete mix type (A, B, or C) 
D is the dimension in mm of the specimen cross-section (100, 80 or 60 mm) 
T is the age in hours (h) at the prestress transfer release (6, 12, 24 or 48 h) 
L is the embedment length (in mm) or “LS” for long embedment length (1350 
mm) 
F is the added identifier “F” when the prestress transfer method is of a free action 
kind 
 
Designation for a complete series includes only the parameters detailing M-D-T. 
 
Table 3 summarizes the test program established. It has not been possible to test 
all the combinations because of the size of the controlled storage chamber. As 
observed in Table 3, specimens with a long embedment length (1350 mm) have 
been included in all the tested combinations for different purposes: to form part of 
a series, to supplement it, and to obtain some test results under test conditions for 
which no complete series has been made. These long specimens (LS) have been 
additionally instrumented with DEMEC points to determine the longitudinal 
concrete surface strain profile at the prestressing strand level. Fig. 6 offers a 
general view of some of the specimens stored. 
 
5 Test results and discussion 
For the established program test conditions, both the initial and long-term transfer 
lengths after 12 months have been measured by the ECADA+ test method. 
Besides, the prestressing strand end slip and the longitudinal concrete surface 
strain have been measured in some cases. 
 
5.1 Initial transfer length 
For each complete series, the initial transfer length has been determined in 
accordance with the criterion presented (see Section 3.4). By way of example, Fig. 
7 provides the results of transferred prestressing forces versus the embedment 
lengths for the A-80-24 series. All the test specimens with embedment lengths 
equal to or longer than 500 mm present identical PI values and, therefore, equal 
the initial effective prestressing force PIE. In contrast, all the test specimens with 
embedment lengths shorter than 500 mm present smaller PI values. Thus with the 
resolution of the lengths used, the initial transfer length determined by the 
ECADA+ test method can be affirmed as 500 mm in this case. 
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5.2 Time-dependent analysis and long-term transfer length 
For each complete series, the long-term transfer length has been determined in 
accordance with the criterion presented (see Section 3.5). Previously for each 
stored test specimen, the subsequent set of prestressing strand force (PJ) readings 
has been taken periodically after the prestress transfer for up to 12 months, which 
have been arranged according to time, as illustrated in Fig. 8, for the A-80-24 
series test conditions. 
 
As Fig. 8 depicts, the prestressing force readings present similar tendencies and 
values for all the specimens, except for the specimen with a shorter embedment 
length (A-80-24-500). This specimen exhibits a different behavior: two months 
after the prestress transfer release, a greater prestressing force loss was registered, 
and the prestressing strand force strongly diminished with time if compared to the 
remaining test specimens. Consequently, transfer length variation exists in this 
case, which can be used to identify the specimen that marks the new transfer 
length value (the next in the embedment length sequence tested, specimen A-80-
24-550) and the time at which this transfer length change took place (two 
months). In a general case, this process may be done with other specimens by 
following the embedment length sequence. 
 
According to the ECADA+ test method, and for both the initial and the 12-month 
prestressing strand force profiles, Fig. 9a shows the transfer length test results for 
the A-100-24 series test conditions (without transfer length change over time), 
whereas Fig. 9b depicts the transfer length test results for the A-80-24 series test 
conditions (with transfer length change over time). In this case, the long-term 
transfer length at 12 months corresponds to the shorter specimen embedment 
length which marks the beginning of the horizontal branch. Therefore with the 
resolution of the lengths used, it can be affirmed that a transfer length variation of 
50 mm exists for the A-80-24 series test conditions, which implies a 10% increase 
in the initial transfer length. 
 
Table 4 summarizes the test results obtained for all the complete series over a 12-
month period. As seen, the test method is capable of performing the time-
dependent evolution of prestressing strand transfer length in pretensioned 
prestressed concrete members, by transfer length determination at detensioning 
and in the storage stage to analyze the possible transfer length variation. The 
following trends can be observed in Table 4: 
a) both the initial and long-term transfer lengths are shorter when the concrete 
compressive strength increases; then the series which differs only in terms of 
concrete type shows a shorter transfer length when the concrete used is type A 
than when it is type B, and higher transfer length values are found per concrete 
type C (A-100-24/B-100-24/C-100-24; B-100-48/C-100-48 –only for long-term-; 
A-80-24/B-80-24; B-80-48/C-80-48); 
b) the initial transfer length can be shorter when the prestress transfer age 
increases (A-100-24 versus A-100-12; B-80-48 versus B-80-24; and C-100-48 
versus C-100-24); 
c) for specimens with a longer cross-section (100 x 100 mm2), transfer length 
variation exists for the early prestress transfer age (A-100-12 versus A-100-24), 
and also for the late prestress transfer (C-100-48); 
d) for specimens with cross-section of 80 x 80 mm2, transfer length variation 
exists in practically all the cases tested (A-80-24; B-80-24; and B-80-48); and 
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e) for concrete type C, there is transfer length variation for the C-100-48 series (a 
late prestress transfer and a longer cross-section), and there are no transfer length 
variation for the early prestress transfer (C-100-24 versus C-100-48) and the 
shorter cross-section (C-80-48 versus C-100-48): this can be explained by the 
transfer length values being initially higher for C-100-24 and C-80-48 (800 mm) 
and by them being maintained over time, whereas the initial transfer length for C-
100-48 is shorter (650 mm) and increases to 100 mm over the 12-month period. 
 
For those cases showing evolution of the transfer length over time, Fig. 10 
illustrates the influence of the concrete stress level of the specimens in the series 
on the corresponding change of the transfer length (ΔLt) computed according to 
Eq. (4). The concrete stress level has been obtained by dividing the initial 
effective prestressing force transferred between the specimen’s cross-section and 
the concrete compressive strength at the prestress transfer. As observed, the 
change of the transfer length over time increases when the concrete stress level 
increases. 
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5.3 Comparison of the test results with the strand end slips method 
For each stored test specimen, the prestressing strand end slips have been 
measured and the subsequent readings at given time j have been arranged 
according to time, as illustrated by Fig. 11 for the A-80-24 series test conditions. 
As observed, the strand end slips present similar tendencies and values for all the 
specimens, except for the specimen with a shorter embedment length (A-80-24-
500). This specimen exhibits a different behavior: two months after the prestress 
transfer release, a greater slip was registered, and the strand end slip strongly 
increased with time compared to the remaining test specimens. Consequently, and 
in agreement with the registered response through the prestressing force 
measurements, transfer length variation exists in this case. In a general case, 
however, this process may be done with other specimens by following the 
embedment length sequence. 
 
Guyon (Guyon 1953) proposed the following expression to predict transfer length: 
0p
p
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α=  (5) 
where Lt is the transfer length, δ is the strand end slip at the prestress transfer, Ep 
is the modulus of elasticity of the prestressing strand, σp0 is the prestressing strand 
stress immediately before release, and the α coefficient represents the shape factor 
of the bond stress distribution along the transfer zone (α = 2 for uniform bond 
stress distribution; α = 3 for linear descending bond stress distribution). 
 
This expression has been applied to the free end slips registered in specimens with 
embedment lengths longer than the transfer length according to the ECADA+ test 
method. Fig. 12 shows the transfer lengths computed according to Guyon’s 
11 
expression for the A-100-24 (Fig. 12a) and A-80-24 (Fig. 12b) series at the 
prestress transfer and after 12 months by applying the α = 2 and α = 3 coefficients. 
As observed, the variability of the results obtained from the strand end slips was 
considerable, with predictions giving transfer length values that have practically 
doubled within the same combination (for example, initial transfer length values 
ranging from 282 to 504 mm for A-80-24 with α = 2). Both the initial and long-
term transfer lengths have been obtained by averaging the corresponding values 
(only the specimen A-80-24-500 values at 12 months have been excluded to 
compute the average 12-month transfer length). 
 
As the strand end slip values increase with time, transfer length increase exists. 
For the A-100-24 series, the transfer length change has been obtained from the 
strand end slips (286–258 = 28 mm when α = 2 and 429–387 = 42 mm when α = 
3), which were smaller than the resolution used for the specimen embedment 
lengths (50 mm); these transfer length change have not been measured by the 
ECADA+ test method. However for the A-80-24 series, the transfer length change 
obtained from the strand end slip (435–389 = 46 mm when α = 2 and 652–583 = 
69 mm when α = 3) was in the order of or greater (as a function of the applied α 
coefficient) than 50 mm, in accordance with Fig. 11 and the ECADA+ test results 
for the A-80-24 series (Fig. 9b), while the transfer length change was 50 mm. On 
the other hand, the 12-month transfer length change obtained from the strand end 
slips of the A-80-24-500 specimen was considerably greater (638 mm when α = 2 
and 957 mm when α = 3). For this specimen, the transfer length change would be 
638–282 = 356 mm when α = 2 and 957-424 = 533 mm when α = 3, which is 
much greater than 50 mm. 
 
Although the existence of transfer length change can be detected from strand end 
slips measurements, Guyon’s expression is not applicable for these cases (a 
shorter embedment length than the actual transfer length), and it is not possible to 
quantify the long-term transfer length. Therefore, the strand end slip method is not 
viable to analyze transfer length change over time given this fact, the unknown 
value for the α coefficient to be applied, and the considerable variability of the 
results obtained from the strand end slips. Consequently, the application of the 
ECADA+ method based on the measurement of forces for transfer length 
determination has provided more reliable results than those obtained by applying 
the method based on strand end slip measurements. 
 
5.4 Comparison of the test results with the longitudinal concrete 
strains method 
The results obtained from the complete series with the ECADA+ test method have 
been compared with the results based on the longitudinal concrete surface strain 
profile from long specimens. This method consists in determining the strains on 
the surface of the concrete specimen after the release, based on the distance to the 
end. These strains follow a law similar to that of the strand stress shown in Fig. 1. 
 
Fig. 13 illustrates the test results of both the long specimens: A-100-24-1350 (Fig. 
13a) and A-80-24-1350 (Fig. 13b). The transfer length obtained by means of the 
ECADA+ test method is also indicated: 450 mm (initial and long-term) for 
specimen A-100-24-1350, and 500 mm (initial) and 550 mm (long-term) for 
specimen A-80-24-1350. Fig. 13a reveals that, given the slope of the first part of 
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the curve, it may be assumed that the plateau begins at 400 mm after the 
detensioning for specimen A-100-24-1350; another interpretation could be that 
the plateau begins between 400 to 600 mm after 12 months. Also in Fig. 13b for 
specimen A-80-24-1350, one interpretation could be that the plateau begins 
between 350 to 500 mm after detensioning, and that the transfer length change 
does not appear after 12 months, whereas at this time, a clear beginning of the 
plateau is seen for 450-500 mm (but not for 550 mm as illustrated by Figs. 8, 9b 
and 11).  
 
Table 5 includes both the initial and the long-term transfer lengths after 12 months 
for all the long specimens additionally instrumented with DEMEC points. 
Transfer lengths have been determined directly from the concrete strain profiles. 
When a range of values has been identified for the beginning of the strains 
plateau, the non selected bound value of this range has been specified in 
parentheses. As observed, given the difficulty of detecting the beginning of the 
strains plateau, the method based on the longitudinal concrete surface strain 
profile enables us to determine the initial and long-term transfer lengths less 
accurately than the ECADA+ method. 
 
Finally, the long specimens tested to analyze the effect of the prestress transfer 
method did not show any pattern relating to both the initial and long-term transfer 
lengths. Only for those specimens with an early prestress transfer (A-100-12) have 
longer transfer lengths been obtained when the maximum possible speed by the 
hydraulic actuator’s free action has been released. However, all the specimens 
released by means of this free action have presented transfer length evolution over 
time. 
 
6 Proposed additional factor for transfer length 
models 
From the test results obtained with this experimental work and with the increases 
of transfer length over time reported in the literature, an additional factor for the 
transfer length models is proposed to include the changes of strand transfer length 
over time in pretensioned prestressed concrete members. Based on the simplified 
model according to Eq. (1), the following is proposed: 
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where ξ is the new factor accounting for transfer length changes with time. Fig. 14 
shows the extended transfer length model.  
 
There are not enough experimental data from this work to derive ξ in terms of 
time, and ξ = 1 (no change in transfer length) in some cases. Moreover, 
contradictory results on changes of transfer length over time have been reported in 
the scientific literature (see Table 1): transfer length increases, no changes in 
transfer length, transfer length decreases, and no transfer length changes pattern. 
Therefore, a factor ξ = 1.2 must be considered for the test results obtained from 
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this work. However, values higher than ξ = 1.6 –average- (ξ = 2.9 –maximum-) 
have been experimentally obtained from other authors, as shown in Table 1 (the 
case of Ramirez and Russell 2008). Since the ξ factor value has been established 
from very few test specimens, an ambitious experimental program should be 
carried out to extend this experimental database. Any further work done on the 
transfer length evolution over time and its analysis to establish the ξ factor value 
to majority of the pretensioned prestressed concrete structural members will be 
acknowledged. 
 
7 Conclusions 
The following conclusions may be drawn from this experimental work: 
 
• Several research studies available in the scientific literature have reported 
experimental transfer length changes data with time. An exhaustive 
bibliography on the subject has been analyzed.  Different time intervals have 
been considered in these studies, as well as prestressing reinforcement type and 
diameter. Contradictory results on transfer length changes with time have been 
reported: transfer length increases, no changes in transfer length, transfer 
length decreases, and no transfer length changes pattern. 
• An experimental program to both analyze transfer length changes and 
determine the initial and long-term transfer lengths after 12 months of the 13-
mm prestressing strand in pretensioned prestressed concrete members has been 
carried out. The recently conceived ECADA+ test method based on the 
prestressing strand force measurement has been applied. This test method 
allows the study of those parameters affecting the bonding in the transfer 
length evolution over time, such as concrete type, prestressing reinforcement 
type, specimen cross-section, level of prestress, release age and method, and 
storage conditions. 
• Transfer length change over time has been observed in some cases under 
several prestressing load conditions, resulting in increased transfer length with 
time, such as an early prestress transfer and shorter specimen cross-sections. 
• When transfer length change occurs, the percentages of variation of transfer 
length relating to the initial transfer length are higher when the concrete stress 
level due to the effective prestressing force is higher. 
• Transfer length change can be detected from measuring the strand end slips. 
However, Guyon’s expression is not applicable for these cases (the embedment 
length is shorter than the actual transfer length) and it is not possible to 
quantify the long-term transfer length. The strand end slip method is not viable 
to analyze transfer length change over time given this fact, the unknown value 
for the α coefficient to be applied, and the considerable variability of the results 
obtained. 
• The method based on the longitudinal concrete surface strain profile enables us 
to determine transfer length less accurately than the ECADA+ method due to 
the difficulty of detecting the beginning of the strains plateau. 
• All the specimens released by means of the hydraulic actuator’s free action 
have presented transfer length evolution over time. However, no pattern 
relating to both the initial and long-term transfer lengths values has been 
observed. 
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• Finally, a new additional factor for the transfer length models is proposed to 
consider the time-dependent evolution of the strand transfer length in 
pretensioned prestressed concrete members. 
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